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A B S T R A C T

Airports are critical components of transport infrastructure, contributing to regional socioeconomic vitality and 
serving as key hubs for emergency response during natural disasters. However, their operations are highly 
vulnerable to geohazards such as earthquake-induced soil liquefaction and associated ground failures. Despite 
this vulnerability, there is currently a lack of rapid, regionally scalable tools for assessing liquefaction-related 
risks specific to airport infrastructure. This paper for the first time in the literature addresses this gap by 
introducing a practical, geomorphology-informed methodology for the preliminary identification of liquefaction- 
prone areas and the rapid assessment of risk to airport infrastructure. The proposed approach leverages multi
modal data, including surface geological mapping, tailored remote sensing inputs, and established seismic risk 
models, to develop liquefaction susceptibility maps and estimate potential damage. The methodology is applied 
to a real-world airport case study under a representative seismic scenario, revealing that large sections of the 
runway and taxiways are situated on highly susceptible soils. The HAZUS methodology is employed to assess 
potential losses and is validated using data from three international airports that have experienced documented 
liquefaction-related damage. This study provides a novel, scalable, and cost-effective framework that can be 
applied globally to support airport operators, risk engineers, and insurers in rapidly identifying vulnerable zones, 
prioritizing inspections, and developing targeted mitigation strategies. It contributes to advancing geotechnical 
risk assessment by bridging regional-scale mapping with infrastructure-specific vulnerability analysis. The 
methodology has the potential to be extended and applied to other critical infrastructure—such as ports, high
ways, railways, and industrial facilities—located in areas susceptible to liquefaction.

Introduction

Transport infrastructure is increasingly vulnerable to a broad spec
trum of geohazards and climate-related impacts, which threaten its 
functionality, safety, and long-term sustainability. In addition to well- 
documented seismic risks, infrastructures such as airports face 
growing exposure to hazards exacerbated by climate change, including 
ground instability, subsidence, and extreme weather events. The inter
action between physical hazards and infrastructure performance must 
be understood through integrated, spatially aware risk assessment 
frameworks to inform adaptive planning and resilience strategies [1]. 

Among geohazards, earthquakes remain a significant threat, particularly 
when compounded by secondary effects such as soil liquefaction and 
landslides. Liquefaction refers to the loss of soil strength and stiffness 
due to increased pore water pressure during seismic shaking, causing 
saturated, loose granular soils to behave like a fluid [2]. This phenom
enon is typically triggered in fluvial plains, coastal zones, and reclaimed 
lands with young, water-saturated sediments [3–8]. The resulting 
ground deformation—settlement, lateral spreading, and foundation 
failure—can inflict extensive damage on critical infrastructure systems, 
including airports.

As functionally critical and spatially constrained components of the 
transport network, airports are particularly susceptible to 
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geohazards—especially soil liquefaction—due to their frequent location 
in low-lying, reclaimed, or alluvial terrain. Runways, taxiways, and 
critical support systems (e.g. control towers, fuel pipelines, and 
communication infrastructure) require flat, open land, which often co
incides with regions characterised by loose, saturated soils. These con
ditions, when combined with seismic activity, create a high risk for 
liquefaction-induced ground failure [9–11]. Beyond their operational 
sensitivity, the societal and economic importance of airports for tourism 
and trade, they are vital hubs for emergency response and humanitarian 
aid, enabling the rapid mobilisation of resources and evacuation of 
affected populations following natural (e.g. earthquakes) or human 
induced disasters (e.g. conflicts). According to the Airport Council In
ternational [12], European airports alone support 14 million jobs and 
contribute €851 billion to GDP—approximately 5 % of the continent’s 
total economic output. Given these critical functions, understanding and 
mitigating liquefaction risk in airport environments is essential.

Historical earthquake events have demonstrated the diverse and 
often severe impacts of liquefaction on airport infrastructure, ranging 
from pavement cracking and settlement to control tower and utility 
failures. For instance, during the 1989 Loma Prieta earthquake (USA), 
the main runway of Oakland International Airport experienced exten
sive liquefaction, including sand boils and lateral spreading [13–15], 
with repair costs estimated at $5.7 million [16]. Similar effects were 
observed at Alameda Naval Air Station, forcing runway closures for up 
to three months [17]. The 1994 Northridge earthquake (USA) damaged 
the control tower at Van Nuys Airport [18], while the 1995 Mw 6.9 Kobe 
earthquake (Japan) caused surface cracks and structural impacts at 
Kansai and Itami Airports [19]. During the 2001 Nisqually earthquake 
(USA), King County International Airport experienced extensive ground 
deformation and pavement cracking, with total repair and upgrade costs 
reaching $4.4 million [20]. Most recently, the 2023 Türkiye-Syria 
earthquakes triggered severe liquefaction-induced damage at Hatay 
International Airport, particularly affecting the eastern runway [21]. 
These examples underline the urgent need for proactive, regionally 
scalable methods to assess and mitigate airport vulnerability to 

liquefaction.
Over recent decades, multiple methodologies have been developed 

to evaluate liquefaction potential and its impacts on infrastructure. 
Widely used approaches include the Liquefaction Potential Index (LPI) 
and Liquefaction Severity Number (LSN), which assess liquefaction risk 
based on in-situ test data such as the Standard Penetration Test (SPT) 
and Cone Penetration Test (CPT) [22–25]. Complementary tools such as 
HAZUS, SYNER-G, and REDARS 2 [26–29] provide standardised 
frameworks for assessing liquefaction risk for transportation systems. 
Nonetheless, accurate site-specific vulnerability assessments require 
detailed geotechnical testing, which can be costly and time-consuming. 
Laboratory analyses (e.g. grain size distribution, Atterberg limits) and 
in-situ methods are necessary to estimate safety factors and determine 
the liquefaction potential of each soil layer [30–32]. Moreover, they 
provide essential parameters for the development and calibration of 
numerical models (Finn, UBC Sand, PM4Sand, SANISAND etc.), allow
ing the simulation of the soil response during liquefaction [33–38] and 
consequently the estimation of the potential for vertical or later ground 
displacement and structural damage under various earthquake scenarios 
[39].

This renders such evaluations impractical for large-scale or time- 
sensitive applications. At the regional level, susceptibility assessment 
relies on geomorphological indicators such as sediment age, deposi
tional environment, and groundwater depth. Established frameworks for 
regional-scale mapping include the methodologies of Youd and Perkins 
[40], Wakamatsu [41], CDMG [42], and Witter et al. [43]. However, 
these methods are often hindered by the limited availability or insuffi
cient resolution of geomorphological data.

Remote sensing technologies address these limitations by providing 
multi-temporal observations of the surficial geological environment. 
Particularly, optical satellite imagery allows the identification of vari
ations in soil color and moisture, facilitating the detection not only of 
areas affected by liquefaction phenomena but also of the different 
geomorphological features, in which such occurrences are observed. In 
addition, radar-based remote sensing techniques, such as InSAR and 
LiDAR, have proven very useful in monitoring post-seismic ground 
deformation over large areas [44,45]. For instance, employing a com
bination of very high-resolution optical satellite imagery and InSAR 
coherence analysis, Taftsoglou et al. [21] identified liquefaction phe
nomena in the eastern runway of Hatay International airport after the 
2023 Türkiye-Syria earthquakes.

Despite their global economic significance—with an estimated total 
impact of $4.1 trillion (Air Transport Action Group – ATAG)—airports 
remain particularly vulnerable to seismic ground deformations, espe
cially liquefaction. Given their dual role in economic connectivity and 
emergency response, ensuring their resilience is vital. This study in
troduces a novel, scalable, and data-efficient methodology for assessing 
liquefaction-related risk to airport infrastructure at a regional scale, 
addressing the need for rapid, transferable tools in seismic risk 
management.

The proposed approach integrates remote sensing, geomorphological 
mapping, and scenario-based seismic modelling to generate suscepti
bility classifications, estimate liquefaction probability, compute per
manent ground deformation (PGD), and evaluate potential economic 
losses—all without requiring detailed site-specific investigations. The 
methodology is demonstrated using Kavala International Airport (KVA) 
in North Greece as a representative case study. The method is further 
validated using historical case studies from three international airports 
affected by liquefaction. By bridging regional geomorphic classification 
with infrastructure-specific risk estimation, this research offers a gen
eralisable framework to support airport operators, risk engineers, and 
policymakers in identifying vulnerable assets and developing targeted 
mitigation strategies [46,47].

Nomenclature

List of symbols
KM moment magnitude (M) correction factor
KW correction factor for groundwater depths (dw) other 

than 5ft (1.52 m)
Pml proportion of map unit susceptible to liquefaction
IM Intensity Measure
M moment magnitude
P
[
Liquefactionsc

]
or PLsc probability of liquefaction

P (DS = ds | IM) Probability that the airport asset is in a specific 
damage state ds, conditional on the imposed intensity 
measure (IM).

P [Liquefactionsc |PGA = a|] conditional liquefaction probability 
for a given susceptibility category at a specified level of 
peak ground acceleration

Pf (DS ≥ ds|IM) Probability that the airport asset damage state 
DS meets or exceeds a specified damage threshold ds, 
conditional on the imposed intensity measure (IM). The 
damage states typically include: s/m (slight/minor), e 
(extensive), c (complete)

PGA Peak Ground Acceleration
PGD Permanent Ground Deformation
RR Repair Ratio
VS30 average shear-wave velocity in the upper 30 m of the 

ground
CTI compound topographic index
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Methodology

The proposed methodology is structured into two main phases 
comprising a total of nine steps. Phase I follows a workflow adapted 
from Taftsoglou et al. [48] and focuses on assessing the liquefaction 

susceptibility of the study area through the following three steps: (1) 
data collection and processing, (2) mapping geomorphological features, 
(3) classification of susceptible geological units, and liquefaction sus
ceptibility mapping. Phase II is dedicated to evaluating the risk to 
critical infrastructure within the same region. It comprises an additional 

Fig. 1. Methodology for assessing liquefaction risk for airport infrastructure by deploying multi-modal data and remote sensing.
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five steps: (4) collection of airport infrastructure data, (5) estimation of 
liquefaction probability, (6) estimation of permanent ground displace
ment (PGD), (8) vulnerability and loss assessment, and (9) risk assess
ment. The overall workflow is illustrated in Fig. 1.

Phase I: Assessment of liquefaction susceptibility

Step 1 – Data collection and processing. This phase begins with 
the acquisition and preparation of geospatial datasets at a regional scale 
(see Step 1 in Fig. 1). The resolution and quality of the resulting sus
ceptibility map depend heavily on the availability and accuracy of 
geological and topographic data. To address potential data limitations, a 
combination of remote sensing sources and historical cartographic 
datasets is utilised, including: 

• Geological map sheets: Serve as the primary data source for 
delineating Quaternary deposits, such as fluvial, floodplain and 
lagoonal. Nevertheless, due to their limited information concerning 
the geomorphological evolution of the deposits, remote sensing data 
are employed.

• Historical aerial imagery: Provides valuable insights into pre- 
modern surficial geomorphology. Imagery predating the 1950 s is 
preferred to minimise distortions from anthropogenic alterations, 
though availability varies by location and is typically obtained from 
national or regional mapping authorities. Acquisition relies on image 
overlap, where common points identified in successive pairs are used 
for mosaicking and generating orthophoto maps of the study area.

• High-resolution (<5 m) digital elevation models (DEMs): 
Derived from stereo aerial or satellite imagery or from airborne 
LiDAR surveys. These are instrumental in detecting subtle geomor
phic features such as river levees and free-face areas prone to lateral 
spreading. Availability of LiDAR topographic surveys is limited but 
can be substituted by extracting a high-resolution digital surface 
model (DSM) from stereo very high resolution (VHR) optical satellite 
imagery such as WorldView, SPOT6/7 or Pleiades.

• Declassified satellite imagery (e.g., Corona, Hexagon): Grayscale 
imagery from the 1960 s–1970 s that provides broader coverage than 
traditional aerial photographs. These datasets significantly reduce 
processing time by capturing larger areas, but they require orthor
ectification before analysis. Since images are taken at oblique angles 
and are subject to terrain-induced distortions, software such as 
ERDAS IMAGINE is typically used to project them onto a horizontal 
plane, enabling accurate georeferencing.

• Contemporary VHR satellite imagery and aerial orthophotos: 
Although recent surface modifications may obscure some landforms, 
relict geomorphological features can often still be identified through 
variations in colour, wavelength signatures, and surface texture. 
Imagery acquired during periods of low vegetation cover or high 
surface moisture is particularly effective for this purpose. Such 
datasets are widely accessible through digital archives (e.g., Coper
nicus Data Library, ESA) or other repositories (e.g., SPOT World 
Heritage, ALOS AVNIR).

Following collection, these layers are imported into a GIS environ
ment and analysed individually in relation to the geological and 
geomorphological formations they represent. The integration of these 
datasets enables the reconstruction of the area’s geomorphological 
evolution and supports the production of a surficial geology map.

Step 2 – Mapping geomorphological features. In this step, 
geomorphological features are traced using multi-temporal and histor
ical imagery. This enables identification of surficial units such as active 
and abandoned river channels, point bars, beach ridges, and coastal 
dunes—even in areas where these have been obscured by land devel
opment or the rapid evolution of the fluvial system, e.g. due to climate or 
human activity.

Specifically, beginning with the geologic map of the study area, the 

boundaries of the Quaternary sediments are delineated (Step 2.1 in 
Fig. 2). These include fluvial, floodplain, and marsh deposits; Pleisto
cene deposits; as well as water bodies such as lagoons and the main river 
channel. Elevation transitions represented in the DEM (Step 2.2 in 
Fig. 2) provide an accurate depiction of the boundaries between collu
vial and floodplain sediments and also enable the identification of 
paleochannels and levees (both natural and anthropogenic) associated 
with the river course.

Historical aerial imagery (Step 2.3 in Fig. 2) allows recognition of 
elements of the hydrographic network, such as abandoned channels and 
point bars. Point bars typically accumulate along the inner sides of 
meander bends and often display characteristic banding reflecting suc
cessive stages of growth. Dune deposits mapped along the coastal front 
show striations, while elongate sand ridges parallel to the shoreline 
represent beach-barrier formations. In a deltaic setting, aerial imagery 
assists in distinguishing deltaic deposits—appearing as brighter zones 
near river mouths—from lagoonal deposits, which are darker, as are 
marsh deposits situated within the floodplain interior.

Declassified satellite imagery (Step 2.4 in Fig. 2) captures interme
diate changes in surficial geology during the geomorphic evolution of 
the area. These datasets enable mapping of hydrographic changes such 
as channel desiccation, as well as progradation and erosion affecting 
deltaic and coastal deposits.

Finally, high- and very high-resolution satellite imagery (Step 2.5 in 
Fig. 2) supports monitoring of modern landscape alterations, including 
infrastructure projects (e.g., transportation corridors, dams, airports). 
Their multispectral properties also facilitate the detection of relict 
geomorphic features, especially under low vegetation cover or high 
surface moisture.

Step 3 – Classification of susceptible geological units and 
compilation of liquefaction susceptibility map. Geological and 
geomorphological maps are used to classify surficial units according to 
age (<500 years, Holocene, Pleistocene) and depositional environment. 
The assessment also considers relative surface modification, topographic 
position, and expert judgement. Liquefaction susceptibility is then 
determined following the criteria of Youd and Perkins [40], which 
categorise the area into four classes: low, moderate, high, and very high 
susceptibility (see Step 3 in Fig. 1).

Phase II: Risk analysis

Step 4 – Collection of airport infrastructure data. Before initiating 
the risk analysis, detailed information on the airport infrastructure is 
collected to support the subsequent vulnerability and loss assessment. 
This includes data on the location, typology, geometry, construction 
materials, year of construction, and estimated reconstruction costs for 
key assets such as runways, taxiways, aprons, terminal buildings, and 
control towers. Data sources include Google Earth, OpenStreetMap, and 
any available documentation such as procurement records, design 
specifications, structural drawings and maintenance reports. This data is 
organised into GIS layers, which allows for direct spatial integration 
with the liquefaction susceptibility map developed in Step 3. This geo
spatial alignment facilitates overlay analyses, ensuring that critical 
infrastructure elements can be accurately linked to their underlying 
geotechnical context. It also enables targeted estimation of PGD in Step 
6, focusing specifically on the areas where airport facilities are located.

Step 5 – Estimation of liquefaction probability. With the sus
ceptibility map from Phase I in place, this step estimates the probability 
of liquefaction under a defined seismic scenario. Several methods are 
available for this purpose: 

• Liquefaction Potential Index (LPI) and Liquefaction Severity 
Number (LSN) [22,49,50]: Having been applied in many studies 
[23–25,51] these indices integrate factors of safety for individual soil 
layers (up to 20 m depth) and are calculated based on in-situ test data 
such as SPT and CPT [30–32,52,53].
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• Empirical models by Zhu et al. [54]: Utilise predictors such as the 
compound topographic index (CTI), the average shear-wave velocity 
in the upper 30 m of the ground (VS30), magnitude-scaled Peak 
Ground Acceleration (PGAM) and PGA derived directly from Shake
Maps (PGASM), surface moisture (SM), magnitude weighting factor 
(MWF), and distance from the coast (ND). These models offer both 
global (XG) and region-specific (XR) (coastal sedimentary basins) 
linear formulations for estimating liquefaction likelihood to assess 
the liquefaction likelihood.

• Federal Emergency Managements Agency guidelines [29]: pro
vide a simplified method, in which the likelihood of experiencing 
liquefaction at a specific location is primarily influenced by soil 
susceptibility, ground shaking amplitude and duration, and 
groundwater depth.

Given the study’s objective for regional-scale rapid assessment, the 
HAZUS framework is adopted due to its efficiency and simplified data 
requirements. The probability of liquefaction is estimated using equa
tion (1): 

Fig. 2. Mapping of geomorphological features, using (2.1) geological maps, (2.2) Digital Elevation Model (DEM), (2.3) historical aerial imagery, (2.4) declassified 
satellite data and (2.5) very high resolution (VHR) satellite imagery, followed by the compilation of a surficial geology map (2.6). The maps illustrate the western 
Nestos delta in northern Greece (modified after [48]. “Pre” and “Post” labels denote data before and after geomorphological feature mapping, respectively.
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P [Liquefactionsc] =
P [Liquefactionsc |PGA = a|]

KM*KW
*Pml (1) 

where: 

• P [Liquefactionsc |PGA = a|]: is the conditional liquefaction proba
bility for a given susceptibility category at a specified level of peak 
ground acceleration (PGA)

• KM = 0.0027M3 − 0.0267M2 − 0.2055M + 2.9188: is the moment 
magnitude (M) correction factor

• KW = 0.022dw + 0.93: is the correction factor for groundwater 
depths (dw) other than 5ft (1.52 m)

• Pml: proportion of map unit susceptible to liquefaction

Considering that for a given subsoil category, liquefaction is unlikely 
to occur over the whole portion of the geologic map, Pml parameter is 
used to assess the probability of liquefaction at any given location. As 
the non-susceptible portions are expected to be smaller for higher sus
ceptibilities, Pml is inserted in order to quantify the proportion of 
geologic map unit deemed susceptible to liquefaction, i.e., the likelihood 
of susceptible conditions existing at any given location within the unit. 
Table 1 presents the default Pml values based on regional studies.

Step 6 – Estimation of permanent ground displacement (PGD). 
To support the preliminary assessment of infrastructure damage, this 
step estimates liquefaction-induced ground settlement. Relationships 
from Tokimatsu and Seed [55], Ishihara and Yoshimine [56], and Zhang 
et al. [57] can be used to correlate volumetric strain with relative den
sity and factor of safety for clean sands. Moreover, laboratory cyclic 
shear tests on sands specimen, can demonstrate how combined shear 
and principal stress rotation contribute to settlement [58]. Although 
recent studies (e.g., [59,60]) recommend non-linear effective stress 
analyses in 1-D conditions for greater accuracy, such methods are 
data-intensive and less practical for regional-scale applications. There
fore, HAZUS approach is adopted here to estimate PGD, by multiplying 
the probability of liquefaction (Step 5) by the representative settlement 
amplitude per susceptibility category (Table 2).

Step 7 – Vulnerability and loss assessment. Fragility functions are 
used to estimate damage probabilities for a given intensity measure, 
such as PGD [61,62]. Due to the limited availability of vulnerability 
models for airport infrastructure, the fragility functions from the HAZUS 
methodology are commonly adopted. These functions define the prob
abilities of exceeding specific damage states (slight, moderate, exten
sive, and complete) based on PGD values calculated in Step 6. To 
estimate expected losses, representative repair ratios—defined as the 
ratio of repair to replacement cost—are applied to each damage state. 
The average loss ratio is then calculated by weighting these repair ratios 
with the corresponding damage probabilities, allowing for the assess
ment of total expected loss under the selected seismic scenario.

Step 8 ¡ Risk interpretation for strategic decision-making. The 
final step involves the integration of previous analytical outputs to 
generate a comprehensive risk profile for the airport under the selected 
seismic scenario. This profile supports the identification of the most 
vulnerable areas within the facility and informs prioritised decision- 
making for mitigation and preparedness planning. This step may also 
involve the assessment of multiple hazard scenarios, allowing stake
holders to compare impacts across different event types or intensities. By 
consolidating risk information into a unified framework, the process 

facilitates evidence-based strategies for enhancing infrastructure resil
ience, emergency response planning, and long-term investment 
decisions.

Case Study

Kavala International Airport (KVA) is situated on the western margin 
of the Nestos delta plain in Thrace, northern Greece. Constructed in the 
1980 s on recent Holocene deposits and located near active onshore and 
offshore fault systems, KVA is of particular interest for the analysis of 
liquefaction susceptibility and vulnerability of its units. This section 
demonstrates the implementation of the proposed methodology for 
assessing liquefaction susceptibility and associated risk, as outlined in 
the previous section.

Phase I – Liquefaction susceptibility assessment

In line with Step 1, geological map sheets at a scale of 1:50,000 
(Hellenic Survey of Geology and Mineral Exploration – HSGME) were 
collected. Historical orthophoto maps dated prior to 1945 (Hellenic 
Cadastre) and declassified CORONA (KH-4) satellite imagery from 1960 
and 1968 (USGS/NARA) were used to reconstruct the surficial landscape 
prior to extensive land modifications. These were complemented by 
VHR satellite imagery from Google Earth to assess current land cover 
conditions, and a digital surface model (DSM) with 5 m resolution 
(Hellenic Cadastre) to enhance the interpretation of subtle topographic 
features.

Initial review of the official geological maps, published by HSGME, 
indicated undivided alluvial and floodplain deposits across the area, 
with the airport itself situated on swamp and floodplain sediments of 
Holocene age. However, further interpretation using remote sensing, 
topographic data and historical imagery, as part of Step 2, enabled the 
delineation of geomorphological features previously obscured by 
anthropogenic alterations (Fig. 3). The analysis revealed that KVA was 
largely constructed on former fluvial and deltaic deposits associated 
with a historic river network that was diverted and entrenched in 1952. 
The traced features included abandoned channels, point bars, beach 
barriers, floodplain and deltaic deposits, as well as marsh sediments. The 
resulting geomorphological map indicated that a significant portion of 
airport facilities, including parts of the runway, lie on the footprint of an 
abandoned river branch of old estuaries, while the remaining infra
structure spans floodplain and marshland formations (Fig. 3, Fig. 4).

In Step 3, sediment units were classified based on age (younger than 
500 years, Holocene, and Pleistocene), and depositional environment. 
Using the Youd and Perkins [40] criteria, the most susceptible units were 
identified as abandoned meanders, point bars, beach barriers, and 
deltaic deposits—primarily located in the central, northwestern, and 
southwestern parts of the airport. High susceptibility was also identified 
near the coastal zone. Floodplain deposits, which dominate the area, 
were classified as moderately susceptible, while marsh deposits along 
the northeastern and southeastern margins were assigned low suscep
tibility. Based on this classification, a liquefaction susceptibility map 
was developed, categorising the airport site into zones of low, moderate, 
high, and very high susceptibility (Fig. 4).

Table 1 
Proportion of map unit susceptible to liquefaction.

Mapped Relative Susceptibility Proportion of Map Unit (Pml)

Very High 0.25
High 0.20
Moderate 0.10
Low 0.05

Table 2 
Ground settlement amplitudes for liquefaction susceptibility 
categories.

Relative susceptibility Settlement (cm)

Very High 30.50
High 15.20
Moderate 5.08
Low 2.50
Very Low 0.00
None 0.00
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Phase II – Risk Analysis

In accordance with Step 4, a GIS-based map of the KVA airport 
infrastructure was developed using data sourced primarily from Google 
Maps (Fig. 5). This map includes the location and spatial footprints of 
critical components such as runways, taxiways, aprons, and main 
buildings. The geospatial organisation of this information enabled direct 
overlay with the liquefaction susceptibility zones established in Step 3, 
ensuring spatial consistency across the analysis. For the purposes of the 
risk assessment, particular emphasis was placed on the runways, taxi
ways, and aprons, which represent the most functionally and opera
tionally critical elements of the airport infrastructure.

In Step 5, the HAZUS methodology [29] was employed to estimate 
the probability of liquefaction under a selected seismic scenario. A 
magnitude Mw 6.3 earthquake associated with the nearby Kavala- 
Xanthi-Komotini fault system was chosen. Ground motion modelling 
was performed using REDAS software [63], based on input from the 
SHARE and GreDaas databases [64,65], producing a peak ground ac
celeration (PGA) value of 0.36 g. Scenario fault rupture is considered as 

representative of strong onshore earthquakes in continental Greece, 
while these PGA values represent site surface conditions, using Vs30 grid 
(Greece Vs30 model developed by Stewart et al. [66] using local 
geological and geotechnical data) and weighted GMPEs from Chiou and 
Youngs [67] and Boore et al. [68]. They are also compatible with the 
955-year return period results of the seismic hazard model of Thrace 
developed by Sotiriadis et al. [69]. Groundwater depth in the area of the 
airport was evaluated using a delta-wide borehole dataset derived from 
hydrogeological surveys conducted in 1978, complemented by more 
recent observations from the 2014 groundwater survey in the eastern 
part of the region [70–73]. The latter indicates that the piezometric 
surface of the phreatic/unconfined aquifer has risen in recent years, 
likely due to the abandonment of shallow boreholes and the adoption of 
surface irrigation and deeper boreholes [73]. Considering these datasets, 
along with the known seasonal saturation patterns of the Holocene al
luvial, fluvial, and coastal sediments that dominate the study area, 
groundwater depth was estimated to be generally less than 6 m. Given 
this input and the moment magnitude the conditional probability of 
liquefaction was calculated for each susceptibility class, classifying the 

Fig. 3. Use of of (1) geological map, (2) historical aerial images and (3) declassified satellite images for the compilation of the geomorphological map for KVA 
region (4).
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site into four probability zones.
In Step 6, expected ground settlements PGD were estimated as the 

product of probability of liquefaction (PLsc) and the characteristic 
ground settlement amplitudes corresponding to each susceptibility class 
(Table 2). Emphasis was placed on zones of moderate to very high sus
ceptibility, which overlap with critical airport infrastructure. Due to the 
inactivity of the surrounding channels and the lack of geomorphological 
features (i.e. point-bars), conducive to lateral spreading; the potential of 
liquefaction-induced horizontal deformation was considered negligible 
in the case of KVA.

Step 7 focused on assessing the vulnerability and expected losses 
associated with the estimated PGD values. The analysis concentrated on 
key airport components such as runways, taxiways, and apron areas. 
PGD was used as the hazard intensity measure to estimate the proba
bility of exceeding slight-to-moderate, extensive, and complete damage 
levels, following the fragility functions and damage state thresholds 
defined in HAZUS [29]. Average damage ratios of 0.10, 0.40, and 0.80 
were applied for each damage level respectively based on ranges of 
damage ratios proposed by HAZUS (Table 3). These were used to derive 

average loss ratios for each susceptibility class [61], and, in turn, to 
compute the expected direct losses. Final loss estimations accounted for 
the affected area and the unit reconstruction costs of the relevant airport 
infrastructure.

Finally, in Step 8, the integrated outputs were used to produce a 
spatial risk profile for KVA, highlighting the most vulnerable zones of 
the airport under the selected earthquake scenario. This final step sup
ports informed decision-making for inspection prioritisation, risk 
communication, and the development of targeted mitigation measures 
tailored to critical airport assets.

Results

Based on the spatial distribution of surficial geological units derived 
from the geomorphological mapping, the application of Youd and Per
kins [40] criteria resulted in the classification of the KVA area into four 
liquefaction susceptibility classes: low, moderate, high, and very high 
(Fig. 4). Overlaying the airport infrastructure on this map revealed that 
approximately 300 m of the northwestern runway, 2.7 km of the 

Fig. 4. (a) The new geomorphological map of surficial geological units and (b) the liquefaction susceptibility map for the area of KVA.
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adjacent taxiway, and 78 m2 of the apron are located on an abandoned 
river branch—an area classified as very high susceptibility to liquefac
tion. The remaining facilities were predominantly situated on moder
ately susceptible floodplain deposits.

Using the HAZUS methodology [29], the conditional probability of 
liquefaction for each susceptibility class under the selected seismic 
scenario (Mw 6.3, PGA = 0.36 g, groundwater depth < 6 m) was esti
mated (Step 5). The calculated probabilities were: 0.20 for very high, 
0.16 for high, 0.08 for moderate, and 0.03 for low susceptibility areas 
(Table 4, Fig. 6). The corresponding expected permanent ground dis
placements (PGD) were computed by multiplying the probability of 
liquefaction by the characteristic settlement amplitude for each class. 
The results indicated average PGD values of 6.10 cm, 2.40 cm, 0.4 0 cm, 
and 0.10 cm for the very high, high, moderate, and low susceptibility 
classes, respectively (Table 4, Fig. 6).

Given that critical airport infrastructure (runway, taxiway, apron) is 
located within moderate to very high susceptibility zones, these PGD 
estimates were used as intensity measures for evaluating damage 
probabilities in Step 7. The following PGD ranges were used: 0.2–0.8 cm 
for moderate zones and 3.1–12.3 cm for very high zones. These values 

were applied to estimate the probability of exceeding various damage 
states—slight/moderate, extensive, and complete—using HAZUS- 
defined fragility functions. The average loss ratios associated with 
PGD values of 6.1 cm and 0.4 cm were calculated as 0.1534 and 0.0004, 
respectively.

In Step 7, these were used to compute direct losses by multiplying 
the loss ratios with the area of each infrastructure component and the 
corresponding reconstruction cost per m2. The following reconstruction 
costs were considered: €186/m2 for asphalt-paved runway (3,000 × 45 
m2), €164/m2 for taxiway (4,000 × 35 m2), and €164/m2 for apron 
(96,000 m2). Reconstruction costs (Table 5) were derived from the 
airport pavement cost tables of [74]. The 2011 U.S. values were updated 
to 2024 using inflation indices and adjusted to the Greek context using 
PPP factors. As shown in Table 5, the estimated direct losses were €0.37 
million for the runway, €2.5 million for the taxiway, and €2.0 million for 
the apron, leading to a total expected loss of approximately €5 million 
for the defined seismic scenario. Loss ranges reflect the variation in PGD 
and associated damage states across the different susceptibility zones.

The spatial risk profile for KVA enables targeted inspection planning 
and resilience measures (Step 8), focusing on infrastructure segments 
located in areas of high liquefaction susceptibility and ground defor
mation. This facilitates prioritisation of mitigation measures, including 
soil stabilisation or drainage improvements, particularly in zones un
derlain by abandoned river channels and deltaic deposits. The frame
work also supports scenario-based assessments, allowing comparisons 
across different earthquake magnitudes or fault sources, as well as other 
threats for enhancing long-term resilience planning [75] by airport 
operators, insurers and investors.

Fig. 5. Critical components of KVA airport collected from Google Maps and Open Street Maps according to Step 4.

Table 3 
Damage ratios for airport runways.

Damage State Best Estimate Damage Ratio Range of Damage Ratios

Slight 0.10 0.01 to 0.15
Moderate 0.40 0.14 to 0.40
Extensive 0.80 0.40 to 0.80
Complete 1.00 0.80 to 1.00

Table 4 
Estimated liquefaction probabilities and ground settlements (PGD) based on HAZUS methodology. The moment magnitude (KM) and groundwater (KW) correction 
factors are: KM = 1.2, KW = 1.0.

Susceptibility Class P[Liquefactionsc|PGA = a] Pml PLsc PGD amplitude (cm) Expected PGD 
(cm)

Range (cm)

Very High (VH) 0 ≤ 9.09a − 0.82 ≤ 1.0 0.25 0.20 30.50 6.10 3.10–12.30
High (H) 0 ≤ 7.67a − 0.92 ≤ 1.0 0.20 0.16 15.20 2.40 1.20–4.90
Moderate (M) 0 ≤ 6.67a − 1.0 ≤ 1.0 0.10 0.08 5.10 0.40 0.20–0.80
Low (L) 0 ≤ 5.57a − 1.18 ≤ 1.0 0.05 0.03 2.50 0.10 0.00–0.20
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Validation

Historical earthquake events—including the 1989 Loma Prieta 

(USA), 2001 Nisqually (USA), and 2023 Turkey–Syria earth
quakes—have highlighted the vulnerability of airports to secondary 
seismic hazards such as soil liquefaction. In particular, Oakland 

Fig. 6. (a) Probability of liquefaction and (b) expected ground settlements in KVA area.

Table 5 
Estimated direct losses for KVA airport infrastructure.

Facility PGD (cm) Area (m2) Avg. loss ratio Reconstruction cost (€/m2) Direct loss (€) Loss range (€)

Runway 0.2–0.8 122,247 0.0004 186 8,300 0 – 50,900
3.1–12.3 12,753 0.1534 186 363,400 162,700–737,100

Taxiway 0.2–0.8 45,513 0.0004 164 2,728 0–16,700
3.1–12.3 99,489 0.1543 164 2,534,000 1,100,000–5,100,000

Apron 0.2–0.8 17,605 0.0004 164 1,100 0–6,500
3.1–12.3 78,468 0.1534 164 1,900,000 883,900–4,000,000

Total ​ ​ ​ ​ €5.0 million €2.2 – €9.9 million
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International Airport (OAK), King County International Airport (BFI), 
and Hatay International Airport (HTY) experienced extensive damage, 
including pavement cracking, subsidence, and ground surface disconti
nuities. To validate the methodology applied at Kavala International 
Airport (KVA), a comparative analysis was conducted using available 
data from these past events. The HAZUS framework was used to simulate 
liquefaction susceptibility and associated risk at each airport, allowing 
for a benchmark comparison with the KVA results and demonstrating 
the applicability and reliability of the proposed approach.

It should be acknowledged that HAZUS was originally developed for 
U.S. conditions, which introduces uncertainties when applying its soil 
parameters, liquefaction probability factors (KM, KW, Pml), or settle
ment amplitudes to other regions. However, these formulations are 
based on empirical relationships widely used internationally, and their 
transferability is supported here through validation at three well- 
documented liquefaction-affected airports (OAK, BFI, HTY). In all 
cases, the predicted susceptibility, liquefaction probability, and PGD 
ranges showed strong consistency with observed field displacements, 
indicating that HAZUS can provide reliable regional-scale screening in 
diverse sedimentary settings. Nonetheless, we recognise that site- 
specific applications would benefit from future calibration using local 
CPT/SPT and groundwater data.

Oakland International Airport (OAK)

Oakland International Airport (OAK) is situated along the eastern 
shore of San Francisco Bay in western Alameda County. Geological and 
historical maps indicate that the airport is built across former tidal 
marshes, tidal flats, and shallow bay environments (SFEI, 2000). Sub
surface materials primarily consist of Holocene estuarine deposits, Ho
locene and Pleistocene alluvial deposits, and the late Pleistocene to early 
Holocene Merritt Sand [43,76,77]. The northeastern portion of the 
airport, which represents the original facility footprint, lies over 
marshland influenced by deltaic and stream channel deposits from San 
Leandro Creek. Conversely, the southwestern section is constructed on 
fill placed over former tidal flats and shallow bay muds. The artificial fill 
consists of loose to dense sand, silty sand, and stiff to medium stiff silt 
and clay, with variable gravel content. Its thickness ranges from 2.5–4 m 
in the southern sector to 0.3–2 m in the north [78].

On October 17, 1989, the Mw 6.9 Loma Prieta earthquake struck 
approximately 80 km from the OAK site, triggering widespread lique
faction across the Bay Area and causing significant damage to airport 
infrastructure. One of the most affected facilities was the 3-km main 
runway (11–29), built on hydraulic fill over Bay mud. Approximately 
900 m of its northwestern section exhibited sand boils, pavement 
buckling, and vertical and lateral displacements of 20 cm and 60 cm, 
respectively [79]. The western end of the runway was also laterally 

Fig. 7. Liquefaction ejecta and ground cracking (blue zones) at OAK following the 1989 Loma Prieta earthquake, projected onto: (a) satellite imagery, (b) geological 
units map, and (c) liquefaction susceptibility map (modified after [80]. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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shifted by about 60 cm, while the adjacent taxiway sustained 30 cm 
pavement cracks and 15 cm of vertical settlement [15]. Ground cracks 
and liquefaction ejecta zones, with typical lengths of up to 70 m, were 
documented (Fig. 7, Fig. 8).

The primary factors contributing to these failures included the 
shallow water table, uniform gradation of fill material, and the presence 
of saturated, relatively loose sand layers beneath the fill. Additional 
liquefaction effects were reported at the main terminal building, where 
sand intrusion was observed in an annex, and at a nearby taxiway, which 
experienced settlements of up to 8 cm [14,15]. The total repair costs 
were approximately $3.5 million for the runway and $2.2 million for the 
taxiway [81].

Application of the HAZUS methodology to the OAK site showed 
strong consistency with these observed impacts. The resulting lique
faction susceptibility map classified most of the airport as highly sus
ceptible, and the HAZUS-based analysis estimated a probability of 
liquefaction of 0.22, with expected ground settlements ranging from 
3.40 to 13.60 cm (Table 6; Fig. 8). These outcomes closely align with the 
recorded displacements and field damage reports, supporting the val
idity of the applied methodology.

King County International Airport (BFI)

King County International Airport (BFI), also known as Boeing Field, 
is located within the Duwamish River corridor, south of downtown 
Seattle, Washington. The area has undergone extensive anthropogenic 
modification, particularly between 1890 and 1930, during which time 
natural features such as meanders, tidal flats, depressions, and the river 
mouth were filled through hydraulic placement [82]. The airport is 
situated on Quaternary alluvial sediments, with parts of its infra
structure—most notably sections of the runway—constructed over 
abandoned meander channels, which are known to have elevated 
liquefaction potential. Following the Mw 6.8 Nisqually earthquake in 
2001, BFI experienced widespread liquefaction [20,83].

Application of the HAZUS methodology indicated that BFI 

predominantly falls within the high susceptibility class, with a lique
faction probability of 0.08, while the portion of the runway situated on 
the abandoned meander was classified as very high susceptibility, with 
an estimated probability of 0.17. The corresponding ground settlement 
estimates ranged from 0.60 to 2.30 cm in high susceptibility zones, and 
from 2.50 to 10.20 cm in the very high zones. The spatial projection of 
affected areas onto susceptibility, probability, and settlement maps 
confirmed a high degree of consistency between HAZUS-based pre
dictions and observed field damage (Table 6, Fig. 9).

Liquefaction effects were most pronounced along the eastern 
runway, where sand ejecta fields extended approximately 90 m, and 
ground surface settlements reached up to 20 cm. In contrast, the western 
runway was impacted by only a few isolated sand boils. Notably, the 
northern portion of the airfield experienced the formation of a sinkhole 
approximately 1.2 m wide and 1.8 m deep. These features were attrib
uted to cyclic ground oscillations, which also resulted in pavement 
cracking at the joints along both runways. A particularly significant 
longitudinal crack, measuring nearly 305 m in length and 1.2 to 2.5 cm 
in width, was observed along the western edge of the western runway. 
The spatial distribution of these manifestations closely followed the 
course of a former Duwamish River meander, reinforcing the impor
tance of geomorphological history in assessing liquefaction 
vulnerability.

Hatay International Airport (HTY)

HTY is located in the western Amik Plain, on the former lakebed of 
Amik Lake [85]. The geological setting reflects significant lacustrine and 
fluvial influences, with the lake’s floor now consisting predominantly of 
fine-grained sediments—including silts of low to medium plasticity with 
varying clay content—extending to depths of up to 30 m [86]. Following 
the 2023 Türkiye–Syria earthquake doublet—which involved two major 
earthquakes (Mw 7.7 and Mw 7.6) along the East Anatolian Fault Zone 
(EAFZ)—HTY experienced both surface rupture and 
liquefaction-induced ground displacements (Fig. 7). In the western 

Fig. 8. Liquefaction manifestations at OAK based on: (a) geological units, (b) liquefaction susceptibility, (c) liquefaction probability, and (d) ground settlement 
(modified after [43].
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section of the airport, a series of ground cracks oriented southwest were 
observed, attributed to a surface rupture along a previously unmapped 
segment of the Dead Sea Fault Zone (DAFZ) [21]. The surface ruptures 
may have facilitated the upward movement of liquefied material, 
contributing to the formation of sand ejecta. Given the combination of 
strong ground shaking and the mechanical properties of the underlying 
fine-grained sediments, the HTY site was particularly prone to defor
mation. Furthermore, as observed in the 1999 Kocaeli earthquake [87], 
the development of surface ruptures may have been influenced by dif
ferential settlement, likely resulting from variations in sediment thick
ness between the eastern and western parts of the airport.

In contrast, the eastern part of the airport exhibited classic lique
faction and shaking-induced deformation. Field surveys documented 
vertical displacements of 30–40 cm and horizontal shifts of 10–15 cm 
[86]. These ground movements, along with visible cracks and craters on 
the runway and adjacent infrastructure, resulted in the closure of the 

airport for six days. Detailed inspection revealed 12 transverse ground 
cracks with associated sand ejecta on the runway, and an additional 
seven liquefaction sites on the central taxiways and apron (Fig. 11). The 
average length of runway cracks was 45 m, with a regular spacing 
pattern of approximately 100 m in the middle section and 150 m in the 
eastern part.

The spatial projection of these field observations onto the HAZUS 
based − generated maps confirmed the accuracy of the methodology. 
Nearly the entire airport infrastructure was classified as very highly 
susceptible to liquefaction, with an estimated liquefaction probability of 
0.24 and expected ground settlements ranging from 3.60 to 14.40 cm 
(Table 6, Fig. 10). The alignment between observed damage and 
modelled outputs provides additional confidence in the methodology’s 
applicability to data-sparse, geologically sensitive regions like HTY.

Table 6 
Estimation of liquefaction probability (PLsc) and expected permanent ground displacement (PGD) for KVA, OAK, BFI, and HTY airports, based on the FEMA [29] 
methodology and categorised by susceptibility class (SC). Asterisks (*) indicate susceptibility classes that intersect directly with critical airport infrastructure (e.g. 
runways, taxiways, aprons).

Earthquake KVA (scenario) OAK (17/09/1989) BFI (28/02/2001) HTY (06/02/2023)

PGA (g) 0.36 0.20 0.18 0.80
Mw 6.30 6.90 6.80 7.70
KW 1.00 1.00 1.10 1.10
KM 1.20 1.10 1.10 1.00

SC Class PLsc Pml

Very High (VH) 0.20* 0.22* 0.17* 0.24* 0.25
High (H) 0.16 0.11* 0.08* 0.19 0.20
Moderate (M) 0.08* 0.03* 0.02 0.10 0.10
Low (L) 0.03* 0.00 0.00 0.05 0.05

SC Class Expected PGA (cm) PGD (settlement) amplitude (cm)
Very High (VH) 3.10–12.30* 3.40–13.60* 2.50–10.20* 3.60–14.40* 30.50
High (H) 1.20–4.90 0.80–3.30* 0.60–2.30* 1.40–5.70 15.20
Moderate (M) 0.20–0.80* 0.10–0.30* 0.00–0.20 0.20–1.00 5.10
Low (L) 0.00–0.20* 0.00 0.00 0.10–0.20 2.50

Fig. 9. Liquefaction manifestations of the 2001 Nisqually earthquake at BFI Airport, based on maps of: (a) geological units, (b) liquefaction susceptibility, (c) 
liquefaction probability, and (d) ground settlement (modified after [84]).
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Discussion

The cases of OAK, BFI, and HTY airports represent well-documented 
examples of liquefaction-induced damage to critical transportation 
infrastructure. These datasets were instrumental in validating the 
methodology proposed in this study. A comparison of observed and 
predicted outcomes revealed that liquefaction manifestations consis
tently occurred within areas classified as “very high susceptibility” by 
the HAZUS-based framework. This supports the reliability of the sus
ceptibility mapping and risk estimation approach. However, the extent 
of observed damage was generally more localised than the predicted 
susceptible zones. This discrepancy highlights the influence of data 
availability and spatial resolution on validation outcomes. For OAK and 

BFI, damage was documented as generalised zones of liquefaction, while 
in HTY, liquefaction manifestations were reported as specific discrete 
sites. This difference in documentation scale introduced a level of 
qualitative comparison, rather than precise spatial matching between 
observed and predicted extents.

Across both the KVA case study and the three validation airports 
(OAK, BFI, HTY), the spatial patterns of predicted PGD consistently align 
with operationally sensitive pavement nodes such as runway–taxiway 
intersections, turning segments, and apron transition zones. These areas 
coincide with underlying geomorphological weaknesses—abandoned 
channels, reclaimed tidal flats, and fine-grained lacustrine deposits—
where liquefaction-induced settlement tends to localise. Even moderate 
PGD levels can affect braking efficiency, pavement evenness, and safe 

Fig. 10. Liquefaction manifestations of the 2023 Türkiye–Syria earthquake doublet at HTY Airport, based on maps of: (a) geological units (modified after [21], (b) 
liquefaction susceptibility, (c) liquefaction probability, and (d) ground settlement.
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aircraft manoeuvring, while higher PGD concentrations may necessitate 
temporary closure or traffic restrictions. The consistency of these pat
terns across four international airports highlights the practical value of 
PGD mapping not only for damage estimation but also for identifying 
critical points where liquefaction-related deformation is most likely to 
impair airport operability.

Given the airport runway is both functionally critical and, as shown 
in all three cases, highly vulnerable to liquefaction, this component was 
selected as a focal point for spatial comparison. The correlation between 
predicted and observed runway failures is presented in Table 7 and 
summarised in Fig. 12. 

• At OAK, the runway lies entirely within the very high susceptibility 
zone. Observed damage affected approximately 53.4 % of the total 
predicted susceptible area, indicating a relatively strong match be
tween modelled and observed impact.

• At BFI, the runway spans both very high and high susceptibility 
zones. The total predicted liquefiable area was estimated at 3.8 × 105 

m2, yet only 0.37 × 105 m2 was reported as affected—representing 
18.2 % and 5.8 % of the very high and high zones, respectively. This 

partial correlation reflects the spatial heterogeneity of the liquefac
tion process and possibly unreported minor manifestations. Lique
faction is often patchy, controlled by local soil layering, groundwater 
variations, and non-uniform cyclic stress levels—factors that static 
surrogate models like HAZUS may not capture [25].

• At HTY, the entire runway falls within the very high susceptibility 
class. While the model predicted failure over an area of 1.85 × 105 

m2, only 0.06 × 105 m2 (approximately 3.2 %) was documented as 
affected. This can be attributed to the coarse granularity of the 
data—damage reports were limited to discrete “sites” rather than 
continuous zones, unlike the zone-based observations at OAK and 
BFI—and to the high spatial variability in sediment characteristics 
and groundwater depth. Similar discrepancies between predicted 
and observed extents have been noted in regional liquefaction 
studies, where fine-scale heterogeneity leads to over-prediction by 
geospatial models.

To incorporate quantitative spatial validation, we computed the 
overlap area between the predicted liquefaction-susceptible runway 
zones (VH or VH + H) and the mapped footprints of observed 

Fig. 11. Satellite view of the HTY airport area. Yellow and red index zones indicate: (a) surface ruptures located on the western side of the runway, and (b) transverse 
ground cracks and sand ejecta observed along the central and eastern sections of the runway and parts of the taxiway (modified after [86]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 7 
Quantitative validation of predicted (PR) versus observed (OB) liquefaction-induced runway failures for OAK, BFI, and HTY airports. The table reports the overlap area 
and derived performance indicators—True Positive Rate (TPR), Precision, and Intersection-over-Union (IoU)—to assess spatial agreement between predicted sus
ceptible zones and mapped damage extents. Asterisks (*) indicate combined totals for the very high (VH) and high (H) susceptibility classes at BFI.

Airport SC PR failures (x105m2) OB failures (x105m2) OB failures (%) Precision (%) IoU TRP

OAK VH 2.81 1.50 53.40 53.40 0.53 1.00

BFI VH 1.21 0.22 18.20 18.20 0.82 1.00
H 2.59 0.15 5.80 5.80 0.06 1.00

​ VH + H 3.80* 0.37* 24.00* 24.00* 0.10* 1.00

HTY VH 1.85 0.06 3.20 3.20 0.03 1.00
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liquefaction damage at OAK, BFI, and HTY. In all three cases, the 
observed failures were entirely contained within the predicted suscep
tible areas, meaning that the overlap area equals the observed area. 
Based on this intersection, three performance indicators were derived: 
(i) True Positive Rate (TPR), defined as the overlap area divided by the 
total observed damaged area (TPR = overlap/observed); (ii) Precision, 
defined as the proportion of the predicted susceptible area that corre
sponds to observed failures (Precision = overlap/predicted); and (iii) 
Intersection-over-Union (IoU), which measures spatial agreement be
tween predicted and observed extents (IoU = overlap/(predicted +
observed − overlap)). These indicators, reported in Table 7, show high 
spatial consistency at OAK and BFI (higher Precision and IoU values) and 
lower agreement for HTY, reflecting the smaller and more localised 
nature of observed manifestations there.

These findings underline the importance of data resolution, 
geomorphological variability, and ground investigation density in vali
dating susceptibility models. Despite these limitations, the results 
demonstrate that the proposed methodology provides a robust frame
work for identifying high-risk areas and supporting prioritised mitiga
tion planning. Yet, the observed discrepancies described above highlight 
the necessity of interpreting susceptibility and risk maps as first-pass 
screening tools. For infrastructure planning, overlaying predicted 
zones with targeted site investigations (e.g., CPT, shear-wave velocity) is 
essential to refine risk assessments [88]. Moreover, adopting probabi
listic models that incorporate geotechnical variability can yield more 
accurate, site-specific predictions.

Conclusions

This study presents a scalable and rapid framework for assessing 
airport infrastructure risk due to seismic-induced soil liquefaction, by 

integrating multi-modal data sources—including geological maps, 
remote sensing imagery, digital elevation models, and open-access 
infrastructure data. The proposed nine-step methodology offers a data- 
efficient and reproducible approach to identifying and quantifying 
liquefaction susceptibility, ground deformation, and potential losses in 
critical airport assets. The methodology was applied to Kavala Interna
tional Airport (KVA) in northern Greece. Using remote sensing and 
geological datasets, a geomorphological base map was developed and 
used to classify surficial units by age and depositional environment. 
Liquefaction susceptibility was mapped using Youd and Perkins [40] 
criteria, identifying very high and moderate susceptibility zones that 
coincide with major airport components such as the runway, taxiway, 
and apron. Based on a representative seismic scenario (Mw 6.3), the 
probability of liquefaction was estimated as 0.2 for the most critical 
zones, with expected ground settlements (PGD) reaching 6.1 cm. Total 
direct losses were estimated at €5 million, with the taxiway and apron 
accounting for the largest share.

Validation using historical earthquake cases at Oakland (OAK), King 
County (BFI), and Hatay (HTY) International Airports confirmed the 
method’s reliability: observed damage aligned with areas predicted to 
be highly susceptible to liquefaction. However, the spatial extent of 
observed damage was more localised than predicted, due to factors such 
as subsurface heterogeneity, groundwater variability, shaking intensity, 
and differences in data resolution. Notably, at HTY, the limited spatial 
footprint of documented failures reflected the granularity of point-based 
field reports, as opposed to the zone-based data available at OAK and 
BFI.

This framework offers a risk screening tool that can be applied at 
national, regional, or global scales to assess critical airport infrastructure 
located in liquefaction-prone areas, particularly within coastal zones. By 
integrating multi-modal datasets—including geomorphological, remote 

Fig. 12. Liquefaction susceptibility classes overlaid with observed liquefaction records along the runways of: (1) Oakland International Airport (OAK), (2) King 
County International Airport (BFI), and (3) Hatay International Airport (HTY). The figure highlights the spatial correspondence between predicted susceptibility 
zones and recorded liquefaction damage.
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sensing, and open-access infrastructure data—it provides a practical, 
scalable solution for both data-rich and data-limited contexts. The 
methodology aligns with cascading hazard perspectives [89], where 
liquefaction may interact with or be compounded by hazards such as 
flooding, sea-level rise, and infrastructure interdependencies. Moreover, 
the framework is adaptable to climate-sensitive contexts, where sea- 
level rise and increased groundwater levels can elevate the probability 
and severity of liquefaction. In this way, it contributes to a broader 
understanding of the airport as a resilient ecosystem [90], by linking 
physical risk assessment with operational preparedness and strategic 
planning. The approach enables stakeholders to identify critical vul
nerabilities, prioritise mitigation, and support long-term resilience, ul
timately strengthening the capacity of airports to function under 
multiple, interacting stressors in an evolving Earth and climate system.

This study has some limitations that should be acknowledged. One 
constraint is that the HAZUS framework was originally calibrated for U. 
S. geological conditions and infrastructure typologies, which may differ 
from those present in other regions; although its empirical formulations 
for liquefaction triggering, settlement, and vulnerability are widely used 
internationally, regional variations in soil properties, groundwater re
gimes, and pavement design practices may influence accuracy. The 
multi-site validation across three airports helps mitigate this limitation, 
demonstrating consistency between predicted susceptibility patterns, 
PGD ranges, and observed liquefaction manifestations.

An additional source of uncertainty arises from the liquefaction 
susceptibility map itself, which depends on the level of detail available 
in the geomorphological mapping of the study area. Because the delin
eation of geomorphological units influences the classification of sus
ceptibility zones, minor variations may occur depending on the scale 
and resolution of the remote sensing and geological datasets originally 
used. These variations may affect the estimated liquefaction probability 
for the airport and, consequently, the predicted permanent ground de
formations (PGD). To account for this uncertainty, the analysis includes 
proposed ranges of maximum and minimum expected settlement rather 
than relying on a single deterministic value.

Furthermore, limitations relate to the input groundwater and 
geomorphological datasets, which may not fully capture seasonal vari
ability, long-term trends, or climate-driven changes, while post-event 
damage reporting varies in detail and spatial completeness. Future 
research should therefore prioritise improved hydrogeological and 
geomorphological datasets, integration of probabilistic seismic sce
narios, and assessment of interactions with other hazards—such as 
flooding, sea-level rise, or subsidence—to enhance the framework’s 
adaptability to multi-hazard and climate-sensitive contexts. Finally, 
expanding and testing the methodology across other critical infra
structure types, such as ports, highways, or railways, and in diverse 
tectonic and environmental settings would further strengthen its appli
cability as a regional- and global-scale screening tool.
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